During herpes simplex virus type 1 (HSV-1) neuronal latency, the only viral RNA detected is from the latency-associated transcript (LAT) gene. We have made a LAT deletion mutant of McKrae, an HSV-1 strain with a very high in vivo spontaneous reactivation rate. This mutant (dLAT2903) lacks the LAT promoter and the first 1.6 kb of the 5' end of LAT. dLAT2903 was compared with its parental virus and with a rescued virus containing a restored LAT gene (dLAT2903R). Replication of the LAT mutant in tissue culture, rabbit eyes, and rabbit trigeminal ganglia was similar to that of the rescued and parental viruses. On the basis of semiquantitative PCR analysis of the amount of HSV-1 DNA in trigeminal ganglia, the LAT mutant was unimpaired in its ability to establish latency. In contrast, spontaneous reactivation of dLAT2903 in the rabbit ocular model of HSV-1 latency and reactivation was decreased to approximately 33% of normal. This decrease was highly significant (P < 0.0001) and demonstrates that in an HSV-1 strain with a high spontaneous reactivation rate, deletion of LAT can dramatically decrease in vivo spontaneous reactivation. We also report here that deletion of LAT appeared to eliminate rather than just reduce in vivo induced reactivation.
Herpes simplex virus (HSV) establishes a lifelong latent infection in host sensory neurons. A hallmark of HSV latent infection is the propensity of the latent virus to reactivate at various times and produce recurrent disease. Recurrent HSV-1 corneal infection, which can lead to blindness due to scarring of the cornea, is the most common cause of infectious blindness in the developed world (18) .
Although the mechanism(s) by which HSV establishes and reactivates from latency is an area of intense study, much remains unknown. The latency-associated transcript (LAT) RNAs are the only HSV RNAs that have been detected during neuronal latency (24, 30) . LAT has therefore been implicated in latency. LAT produces a family of LAT RNAs including ones of 2, 1.3 to 1.5, and 8.3 kb (4, 8, 24, 27, 29, 30, (33) (34) (35) (36) (37) 40) . The LATs overlap, in an antisense direction, two important viral genes, ICPO and ICP34. 5 .
To look for a phenotype for LAT, investigators in several laboratories have made and analyzed a variety of HSV-1 LAT mutants in mice and rabbits (1, 10-12, 14, 15, 25, 28, 32) . HSV-1 reactivates spontaneously in the rabbit but not in the mouse. The parental strains used to construct the published LAT mutants do not have high spontaneous reactivation rates (even in the rabbit). Thus, most of these studies have examined the effect of LAT on explant and/or induced reactivation only. Since the phenotypes for explant, induced, and spontaneous reactivation are not necessarily due to the same gene or sets of genes, none of the studies employing explant or induced reactivation have directly addressed the possible role of LAT in spontaneous in vivo reactivation. Only two studies have tried to assess spontaneous in vivo reactivation of a LAT mutant. In one study (10) a LAT mutant did not significantly decrease spontaneous reactivation. In a second study (2) , in which spontaneous reactivation was reported as being significant, the authors nonetheless indicated that "The low frequency of spontaneous reactivation demonstrated by all viruses used makes meaningful investigation of the differences between experiments impossible. At this juncture, we would stress the highly significant differences in induced reactivation between LAT+ and LAT-viruses." Thus, the involvement of LAT in spontaneous in vivo reactivation remains to be definitively confirmed.
We report here the construction of a mutant with a LAT deletion mutation in McKrae. This HSV-1 strain has a much higher in vivo spontaneous reactivation rate than the parental strain of any previously reported LAT mutant. This LAT mutant (dLAT2903) was compared with its parental virus and with a rescued virus in which the LAT deletion has been repaired (dLAT2903R). We found that with the exception of reactivation, dLAT2903 was normal for all biological parameters examined. In contrast, spontaneous reactivation of dLAT2903 in the rabbit ocular model of HSV-1 latency and reactivation was decreased to approximately 33% of normal. This demonstrates an important role for LAT in in vivo spontaneous reactivation.
Previous studies have concluded that LAT mutants decrease but do not eliminate induced reactivation. However, these reports did not take into account the background of spontaneous reactivation. We report here that attempts to induce reactivation of dLAT2903 did not increase the reactivation rate above the background of spontaneous reactivation. Thus, we show here for the first time that (i) in an HSV-1 strain with a high spontaneous reactivation rate, deletion of LAT significantly decreased spontaneous reactivation, and (ii) deletion of LAT not only decreased but appeared to completely block induced reactivation. These highly significant differences in spontaneous (P < 0.0001) and induced (P < 0.0001) reactiva-tion were probably due to direct effects of LAT on reactivation, since dLAT2903 appeared to establish latency at a normal rate. Fig. 1 ). Pacl linker (8 bp) (New England Biolabs, Beverly, Mass.) was ligated to the digested site. The Pacl linker containing plasmid was digested with Pacl restriction enzyme, purified by agarose gel electrophoresis, electroeluted from the gel, religated, and used to transform Escherichia coli lambdaR RICI857 (5, 22) . Plasmid DNA was screened and purified by standard procedures (16) . The LAT deletion mutant was made and isolated by previously published procedures (25) . Briefly, the purified plasmid DNA with the 1.8-kb LAT deletion was cotransfected with purified infectious McKrae DNA into RS cells by the calcium phosphate transfection procedure. LAT deletion mutants were generated by homologous recombination. Viruses from the cotransfection were plated, and isolated plaques were picked and screened for the deletion by restriction digestion and Southern analysis. Selected plaques were triple plaque purified and reanalyzed by restriction digestion and Southern analysis to ensure that both copies of LAT contained the deletion. A final plaque was purified and designated dLAT2903. Finally, by using the same methods, the dLAT2903R rescued virus, in which the deletion was restored, was generated by cotransfection and homologous recombination of infectious dLAT2903 virus DNA with the original intact BamHI-B-containing plasmid. As above, plaques were isolated from the cotransfection mix and screened by restriction digestion and Southern analysis. One plaque was triple plaque purified and reanalyzed by restriction digestion and Southern analysis to ensure that both copies of LAT had been restored.
MATERIALS AND METHODS
Rabbits (19) , using a nylon tipped swab. The swab was then placed in 0.5 ml of tissue culture medium and squeezed, and the inoculated medium was used to infect primary rabbit kidney cell monolayers. These cell monolayers were observed in a masked fashion by phase-light microscopy for up to 30 days for HSV-1 cytopathic effects. All positive monolayers were blind passaged onto fresh cells to confirm the presence of virus. DNA was purified from selected positive cultures derived from rabbits latently infected with the LAT deletion mutant dLAT2903 and analyzed by restriction enzyme digestion and Southern blots to confirm that the reactivated virus was identical to the input virus. This was found to be the case in all instances.
Induced reactivation. Induction was done either by iontophoresis of 6-hydroxydopamine to the cornea followed by topical application of epinephrine as we previously described (19) or by intrastromal injection of sterile saline as previously described (9) . Induced ocular shedding was monitored as above.
Virus replication during acute infection. Tear films were collected as described above on various days postinfection. In experiment 1, a standard plaque assay was done with 10-fold serial dilutions of the inoculated medium. In experiment 2, the amount of virus was estimated by inoculating cells with 10-fold dilutions of the inoculated medium and scoring the results as virus positive or negative. The amount of virus in trigeminal ganglia (TGs) was similarly estimated beginning with individual disrupted TGs in 1 ml of medium.
Purification of DNA from TGs of latently infected rabbits. Individual TGs were removed from euthanized rabbits and stored at -80°C until use. To remove debris, individual TGs were transferred to sterile Eppendorf tubes containing 1.0 ml of 100% ethanol at room temperature. Each tube was vortexed for 1 min, the TG was pelleted in a microcentrifuge for 2 min and resuspended in 100% ethanol, and the procedure was repeated twice. The final pelleted TG was vacuum dried and suspended in 500 RI of Tris-EDTA (TE) containing 0.1% sodium dodecyl sulfate and 100 ,ug of proteinase K per ml. The mixture was incubated at 55°C for 16 h. The treated mixture was extracted once with water-saturated phenol and then with chloroform-isoamyl alcohol (24:1). The final supernatant was precipitated with 2.5 volume of 95% ethanol and vacuum dried.
Semiquantitation of latent HSV-1 DNA. Latent HSV-1 DNA was semiquantitated by PCR by the methods of Coen and coworkers (3, 13) with minor modifications. The DNA extracted from each TG was resuspended in 100 pI of doubledistilled water. Half (50 pI) of the DNA was used for amplification of HSV-1 DNA, and the other half was used for amplification of rabbit actin DNA. We split the sample and ran the primer sets in parallel, because our experience is that running the primer sets together often produces anomalies. The primer set used for virus DNA amplification was from the thymidine kinase (TK) gene of HSV-1 as previously reported (31) . The size of the PCR product is 110 bp. The internal probe used to detect this product is from the same study (31 (17, 23) .
internal probe used to detect the 124-bp PCR product were as previously reported (2) .
Thirty cycles of amplification were done with Taq polymerase (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) and the supplied buffer. Cycling reactions were performed with a thermal cycler (Appligene, Pleasanton, Calif.). Cycles were as follows: (i) denaturation at 94°C for 1 min; (ii) annealing at 5°C below the melting temperature of the primers for 1.5 min; and (iii) extension at 74°C for 2.5 min. The final cycle was terminated with a 10-min extension period at 74°C. The amplified products were fractionated on a 1.8% Sea-Kem agarose gel running in Tris-acetate-EDTA buffer. Alternate lanes contained the TK PCR product and the actin PCR product from the same TG.
The specificity of the amplified DNA products was confirmed by Southern blot hybridization of the PCR products with an internal probe. The Southern blots were exposed overnight to preflashed Kodak X-ray film at -70°C with an intensifying screen. The films were developed, and the DNA bands were scanned with a laser densitometry scanner. The relative amount of HSV-1 DNA was expressed as the ratio of the intensity of the TK PCR band to the intensity of the actin PCR band. To maintain good separation of the TK and actin PCR products (i.e., to avoid overexposed bands from infringing on lighter bands), every other lane was left empty. A twofold dilution series of a known amount of viral DNA was mixed with uninfected TGs, DNA was isolated and subjected to PCR under the same conditions, and the results were plotted on a log-log plot (see Fig. 7A ). This ensured that under the conditions used the final PCR amplification product was directly related to the input amount of viral DNA in the experimental samples.
Statistical analyses. Statistical analyses were performed with Instat, a personal computer software program. For analyses by either the Student t test, the Mann-Whitney rank sum test, the chi-square test, or the Fisher exact test, results were considered statistically significant when P < 0.05. For analysis of correlations (the Spearman nonparametric correlation test), results were considered to show a correlation when the absolute r > 0.5 and P < 0.05.
RESULTS
Structure of the LAT deletion mutant dLAT2903. To examine the importance of LAT in spontaneous reactivation, we constructed a LAT deletion mutant of HSV-1 McKrae. McKrae was used as the parental virus because it has the highest spontaneous reactivation rate of any commonly used HSV-1 strain. In particular, McKrae has a much higher spontaneous reactivation rate than any of the HSV-1 strains previously used for construction of LAT mutants.
One difficulty in constructing a LAT deletion mutant is that LAT completely overlaps the ICPO and gamma-34.5 genes (Fig. 1, center (6, 15, 26, (37) (38) (39) (40) , which is deleted from dLAT2903. It is well documented that deletion of this LAT promoter produces viruses that make no detectable LAT-related RNAs (12) . Nonetheless, the possibility of a cryptic promoter just prior to the start of the 2-kb LAT that is responsible for transcription of some of the 2-kb LAT has been raised (7) . Since the deletion in dLAT2903 has removed the authentic LAT promoter, the hypothetical cryptic promoter, and over 700 nucleotides of the start of the 2-kb LAT, this mutant is unable to express either the primary 8.3-kb LAT or the 2-kb LAT. We have confirmed this by Northern (RNA) blot analysis of the RNA produced in RS cell monolayers infected with dLAT2903 or McKrae (data not shown).
Replication of dLAT2903 in tissue culture. Monolayers of RS cells were infected with dLAT2903, dLAT2903R, or McKrae at a multiplicity of infection of 0.01 or 10 PFU per cell. At various times, monolayers were harvested by freeze-thawing and virus titers were determined by plaque assay (Fig. 2) . Replication of the mutant, that of the rescued mutant, and that of the parental wild type were similar at both input multiplicities at all times examined. In fact, at a multiplicity of infection of 0.01 the growth kinetics of dLAT2903 and McKrae were indistinguishable, while at a multiplicity of infection of 10 the apparently minor but insignificant differences favored the LAT deletion mutant. The similarities in growth rates of dLAT2903, dLAT2903R, and McKrae indicated that deletion of LAT Fig. 5 . Because of the different number of rabbits (and eyes) in the two experiments and between the LATpositive and LAT-negative viruses in experiment 1, the data were standardized to represent cumulative positive cultures per eye. The cumulative spontaneous reactivation rate in rabbits latently infected with dLAT2903 appeared greatly reduced compared with that in McKrae-infected rabbits (Fig.  5A ) or dLAT2903R-infected rabbits (Fig. 5B) .
A statistical analysis of positive (spontaneously reactivated) cultures versus negative cultures is shown in Table 1 To ensure that the PCR was linear over the range of HSV-1 DNA present in the samples and also to produce a standard curve from which the amount of HSV-1 DNA in the latent TGs could be extrapolated, a control experiment was run in parallel. Twofold serial dilutions containing known amounts of HSV-1 genomic DNA in the range of approximately 103 to 106 copies were added to test tubes each containing a control TG from uninfected rabbits. The total DNA was then isolated and subjected to PCR by the same procedures used for the DNA from the latently infected rabbits. The autoradiographic intensities of the HSV-1 PCR products of the serially diluted DNA were plotted on a log-log scale versus the known amount of input HSV-1 DNA (Fig. 7A) . The result was a relatively straight line, indicating that in this range of HSV-1 DNA our PCR assay was quantitative.
An autoradiogram of a typical set of experimental PCRs is shown in Fig. 7B . Visually, the intensity of viral DNA (D) from the dLAT2903R rescued virus (R) and the dLAT2903 LAT deletion virus (L) appeared similar, relative to the intensity of their corresponding actin (A) DNA. Following laser densitometry scanning of this and similar autoradiograms, the amount of HSV-1 DNA relative to actin from 24 individual TGs from the dLAT2903R-infected rabbits was calculated to be 1.82 ± 0.45 (Table 2 , column 2). The relative amount of HSV-1 DNA in the 24 individual TGs from the dLAT2903 mutant was 2.28 ± 0.69. Although the LAT deletion mutant-infected TGs appeared to contain an average of 27% more latent HSV-1 DNA than the rescued virus, this difference was not statistically significant (P = 0.62). These results strongly suggest that the dLAT2903 LAT deletion mutant was not defective in its ability to establish latency. Thus, following ocular infection, LAT does not appear to play an important role in the establishment of latency in rabbit TGs. These results therefore also indicate that the decreased spontaneous and induced reactivation rates seen with the LAT deletion mutant dLAT2903 were not due to a decreased ability of this virus to establish latency. Thus, the notion that LAT plays a direct role in the in vivo reactivation process in the rabbit is strongly supported.
As judged by extrapolation to the standard plot in Fig. 7A , the amount of experimental DNA PCR products corresponded to averages of approximately 8 x 105 and 1 x 106 copies of viral DNA per TG in the rabbits latently infected with dLAT2903R and dLAT2903, respectively ( Table 2, 
Southern blot analysis of the PCR products from total DNA isolated from latently infected TGs. (A) As a control standard, twofold serial dilutions of HSV-1 genomic DNA representing approximately 106 to 103 molecules were each mixed with a TG from an uninfected rabbit and total DNA was isolated and subjected to the identical PCR protocols used for panel B. The autoradiographic intensity of an internal TK probe, used to determine the amount of HSV-1 TK PCR product, was plotted against the copy number of input genomic DNA on a log-log graph. The computer program used to analyze the intensity of the autoradiographic bands reports small numbers for dark areas and large numbers for light areas. Thus, increasing PCR product goes from the bottom to the top of they axis. (B) At the conclusion of experiment 2, TGs were harvested from sacrificed rabbits. As described in Materials and Methods, total DNA was individually isolated from each TG and aliquots were subjected to PCR with primer pairs specific for either the HSV-1 TK gene or the gene for cellular actin. The PCR products were then separated by agarose electrophoresis, blotted, hybridized to an internal probe for the TK product and the actin product, and exposed to X-ray film for autoradiography. Adjacent lanes contain the TK and actin PCR products from the same TGs. The results from these and similar blots (24 dLAT2903 and 24 dLAT2903R DNA samples) were quantitated, and the ratio of the intensity of hybridization to the TK and actin products was determined. By using this normalized intensity of hybridization of the TK PCR product, the amount of DNA in each TG was also estimated by extrapolation to the plot in panel A. The results are shown in Table 2 . reactivation in the corresponding eye. Although searches for correlations on a group basis have been previously attempted (25) , to our knowledge this was the first attempt to look for correlations between individual sets of TGs and eyes. A Spearman nonparametric correlation test was done with the data for the TGs and eyes from rabbits latently infected with dLAT2903R or dLAT2903. An absolute r > 0.5 and P < 0.05 would indicate a correlation. No correlation was found between the relative amount of latent HSV-1 DNA and spontaneous or induced reactivations in either group (Table 2 , columns 4 and 5) (absolute r < 0.3, P > 0.2). Thus, at the limits of the current levels of sensitivity, we were unable to detect any Since LAT overlaps at least two important HSV-1 genes, ICPO and ICP34.5, a deletion of the entire LAT gene cannot be used to examine the role of LAT in spontaneous reactivation. We therefore constructed dLAT2903 to contain a large LAT promoter deletion and the largest possible deletion of the 5' end of LAT, while ensuring that no other known HSV-1 genes were disturbed. This was done for two reasons. First, to ensure that no LAT transcription could occur from the LAT promoter, we deleted the entire region containing the LAT promoter rather than just deleting or altering a small region assumed to be crucial, such as the TATA box. Second, to ensure that no transcription of the 2-kb LAT could occur from a potential cryptic promoter just upstream of the 2-kb LAT, the deletion also covers this potential cryptic 2-kb LAT promoter and the first third of the 2-kb LAT itself. Thus, dLAT2903 is incapable of transcribing any LAT from the bona fide LAT promoter or from the potential cryptic promoter. The rate of in vivo spontaneous reactivation for dLAT2903 averaged approximately one-third that of the parental or rescued virus (spontaneous reactivation rates combined from both experiments: dLAT2903, 3%; McKrae plus dLAT2903R, 9%). Thus, deletion of LAT significantly reduced but did not eliminate spontaneous reactivation. This suggests that there may be two categories of spontaneous reactivations, LATdependent spontaneous reactivations (which represent approximately two-thirds of the spontaneous reactivations in this system) and LAT-independent spontaneous reactivations (which represent approximately one-third of the spontaneous reactivations in this system).
In contrast to the one-third residual spontaneous reactivation seen with dLAT2903, our results suggest that induced in vivo reactivation in dLAT2903 may have been eliminated rather than reduced. Only 2% of eyes (1 of 46) from rabbits latently infected with dLAT2903 showed reactivation following in vivo induction, compared with 41% of eyes (13 of 32) from rabbits latently infected with dLAT2903R and McKrae. Induced reactivation was measured on days 3 and 4 postinduction, and the single dLAT2903-reactivating eye was positive on both days. Since all other eyes were negative on both days, the "induced" shedding rate was 2 of 92 (2%). This rate is likely to have been due to the spontaneous reactivation of dLAT2903 (3 to 4%). Thus, deletion of the LAT promoter may have rendered dLAT2903 refractory to induced in vivo reactivation.
On the basis of the above discussion, we propose the following possibility: (i) in the rabbit ocular model of HSV-1 latency and reactivation, LAT Regardless of whether the above speculation is correct or whether LAT simply increases the probability of a spontaneous reactivation event by threefold, LAT appears to be a major factor in both in vivo induced reactivations and classic spontaneous reactivations. Assuming that the mechanisms of spontaneous and induced reactivations in humans are accurately reflected in the rabbit model, our results strongly suggest that LAT is a crucial factor in clinically important HSV-1 reactivations.
